Objective: Brain atrophy is common in subcortical ischemic vascular disease, but the underlying mechanisms are poorly understood. We set out to examine the effects of incident subcortical infarcts on cortical morphology.
Results: Nine subjects had a single incident infarct during the follow-up and were suitable for analysis. There was a strong correlation between the probability of connectivity and mean focal cortical thinning (p 5 0.0039). In all subjects, there was focal cortical thinning in cortical regions with high probability of connectivity with the incident infarct. This pattern was not observed when using control tractography seeds.
Conclusions: Our findings provide in vivo evidence for secondary cortical neurodegeneration after subcortical ischemia as a mechanism for brain atrophy in cerebrovascular disease. Neurology Brain atrophy is regarded as the most important imaging predictor of cognitive impairment and a sensitive marker for neurodegeneration in Alzheimer disease. 1 A key role of brain atrophy has also been recognized for diseases of the subcortical white matter including multiple sclerosis 2 and subcortical ischemic vascular disease. 3 However, the mechanisms of atrophy, in particular cortical atrophy, in these disorders are largely unknown.
Cerebral small vessel disease results in subcortical ischemic lesions and is the most common cause of vascular cognitive impairment. Two mechanisms have been suggested for cortical atrophy: direct injury from microscopic cortical infarcts 4 and secondary cortical alterations caused by the disruption of connecting fibers in the subcortical white matter. Evidence for the latter mechanism comes from studies demonstrating an association between cortical atrophy and the global burden of subcortical ischemic lesions. 5 Until now, however, there has been no study directly examining the relationship between incident subcortical infarcts and morphologic alterations in connected cortical areas.
To address this issue, we applied serial brain imaging, tractography, and cortical thickness measurements to patients with cerebral small vessel disease (figure 1A). To limit confounding by age-related neurodegenerative disease, we studied patients with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), an inherited small vessel disease with an early age at onset. 6 We hypothesized that incident subcortical infarcts induce secondary atrophy specifically in connected cortical regions.
METHODS Study subjects. A total of 276 patients with CADASIL from an ongoing prospective study (Klinikum Großhadern, University of Munich, Germany, and Hopital Lariboisière, Paris, France) underwent MRI at study inclusion and after 18, 36, and 54 months. In all subjects, CADASIL had been confirmed by either skin biopsy or genetic testing. All subjects had at least one follow-up. A total of 140 subjects had 2 follow-ups and 53 subjects completed all 3 follow-ups (mean follow-up 34.0 months; see e-Methods on the Neurology ® Web site at www.neurology.org).
Standard protocol approvals, registration, and patient consents. Germany]). The acquisition parameters of the MRI sequences are presented in table e-1. We identified incident infarcts on difference images (figure 1B and e-Methods).
Probabilistic tractography. Segmentation masks of incident infarcts were registered to the preceding scans and used as a seed for probabilistic tractography (figure 1, A and C). By this, we identified cortical regions connected with the infarcted region before infarction ( figure 1D ). Tractography was performed on diffusion parameters obtained through Bayesian estimation (bedpostx and probtrackx, 7 FMRIB software library, version 4.1; e-Methods).
Analysis of focal cortical thinning. To test the hypothesis that subcortical infarcts induce focal atrophy in connected cortical areas (defined here as the region of interest [ROI]), we quantified longitudinal changes in cortical thickness in the ROI and in the remaining cortex of both hemispheres. Cortical thickness was measured on the closest scans before and after infarction using the FreeSurfer software package (version 5.0). 8 Changes of cortical thickness within the ROI were corrected for unspecific changes (e.g., global atrophy) using the remaining cortex of both hemispheres as a reference (reference region); focal cortical thinning was defined as the change of cortical thickness in the ROI (in %) in excess of the change of cortical thickness in the reference region (in %) (see also e-Methods). We expected cortical thinning to be most pronounced in areas with a high probability of connectivity. Thus, we analyzed focal cortical thinning at different thresholds for probability of connectivity (figure 2A) (see also e-Methods).
Statistical analyses. Nonparametric tests were used throughout to ensure robustness of the statistical analyses (R software package, version 2.13.2; R Foundation for Statistical Computing, Vienna, Austria). We used the Wilcoxon signed rank test, Friedman rank sum test (including nonparametric post hoc tests), and Spearman rank correlation as appropriate. For the see table 1) .
primary analysis, we tested whether the change in cortical thickness, corrected for changes in global thickness, was significantly different from zero.
RESULTS Nine patients had a single incident infarct and were suited for analysis (table 1) . We found significant focal thinning in cortical regions with high (W 5 0, p 5 0.0039, 2-tailed Wilcoxon signed rank test, n 5 9) and medium (W 5 3, p 5 0.020) probability of connectivity with the infarcted region, but not in cortical regions with low probability of connectivity (W 5 8, p 5 0.098) (table e-3). Cortical thinning was significantly pronounced with increasing probability of connectivity (x 2 5 16.2, df 5 2, p 5 3.0 3 10
24
, Friedman rank sum test) (figure 2B). At the highest probability threshold, all patients showed focal cortical thinning in the ROI (mean 9.12%, range 2.11%-21.4%).
When using control seeds, there was no significant focal change of cortical thickness at the high (W 5 17, p 5 0.57), medium (W 5 21, p 5 0.91), or low (W 5 20, p 5 0.82) threshold. Also, there was no significant change in thickness with increasing probability of connectivity (x 2 5 2.9, df 5 2, p 5 0.24).
In addition to analyzing cortical thinning using predetermined thresholds for the probability of connectivity with the infarcted region, we calculated focal cortical thinning for all probability thresholds in 1 to 200 tractography samples. There was a positive correlation between the probability of connectivity and focal cortical thinning in all subjects (figure e-2, W 5 0, p 5 0.0039, 2-tailed Wilcoxon signed rank test on Spearman rank correlation coefficients, n 5 9). There was no significant correlation found in the analysis of the control seeds (figure e-3, W 5 10, p 5 0.16).
DISCUSSION Our study provides direct evidence in humans for focal changes of cortical morphology after infarcts in connected subcortical regions. Thinning was most pronounced in cortical regions showing a high probability of connectivity with incident infarcts, thus emphasizing the specificity of our finding. A likely mechanism is secondary neurodegeneration after the disruption of axons as previously shown for lesions of the optic nerve and animal models of axotomy. 9 Potential cellular mechanisms include retrograde degeneration, anterograde transsynaptic degeneration, shrinkage of neuronal soma and dendrites, and neuronal apoptosis mediated by cortical interneurons. 9 Histologic studies of postmortem material or of animal models are needed to discriminate among these possibilities. However, one might speculate that secondary cortical thinning results from a mixture of these processes.
Both lacunar infarcts and brain atrophy have been shown to be associated with cognitive decline in patients with vascular brain lesions. 10 Mild cognitive impairment is frequent in patients with a first lacunar infarct and associated with brain atrophy. 11 However, disentangling the contribution of the 2 components has been difficult. Our findings demonstrate a direct relationship between lacunar infarcts and cortical morphologic changes. Thus, it seems possible that some of the effects of lacunar infarcts on cognition are mediated by their effects on cortical morphology. In the current study, cognitive performance was not considered because of the small sample size, which might be regarded as a limitation of our study. Future studies on a larger number of patients might address this question.
Another potential limitation of this study was that a large number of patients had to be excluded from the analyses because of insufficient MRI quality. Focal cortical thinning is more pronounced with increasing probability of connectivity (A) Tractography (top) and resulting cortical regions of interest (ROIs) (bottom) at different thresholds for probability of connectivity. Cortical ROIs are shown on the inflated pial surface (light gray depicts cortex on gyri, dark gray in sulci). (B) Focal cortical thinning at 3 thresholds for the probability of connectivity with incident infarcts (left panel). Each line represents one subject. Black bars depict the group mean for focal cortical thinning. *p , 0.05 and **p , 0.001 (nonparametric post hoc tests, n 5 9). The analysis for control seeds shows no significant change in cortical thickness at low, medium, and high threshold and no significant change with increasing probability of connectivity (right panel).
However, there was no indication for a systematic bias in group comparisons between included and excluded subjects (e-Methods) that would affect our conclusions. Methodologic strengths of this study include the well-defined sample of patients, the use of difference imaging for the identification of incident infarcts, the longitudinal design, and our approach to combine tractography with cortical thickness measurements in each subject. We have demonstrated a causal relationship between incident subcortical infarcts and morphologic alterations in connected cortical regions using in vivo imaging in patients. This implies a role for secondary neurodegeneration within the cortical gray matter after axonal damage in the white matter. Our findings provide a starting point for future mechanistic studies on cortical alterations in stroke and vascular cognitive impairment. These studies might ultimately result in novel therapeutic targets. 
